We have used the MHW2 filter to obtain estimates of the flux densities at the WMAP frequencies of a complete sample of 2491 sources, mostly brighter than 500 mJy at 5 GHz, distributed over the whole sky excluding a strip around the Galactic equator (|b| ≤ 5
INTRODUCTION
As a by-product of its temperature and polarization maps of the Cosmic Microwave Background (CMB), the Wilkinson Microwave Anisotropy Probe (WMAP) mission has produced the first all-sky surveys of extragalactic sources at 23, 33, 41, 61 and 94 GHz (Bennett et al. 2003; Hinshaw et al. 2006 ), a still unexplored frequency Electronic address: caniego@ifca.unican.es region where many interesting astrophysical phenomena are expected to show up (see e.g. De Zotti et al. 2005) .
¿From the analysis of the first three years survey data the WMAP team has obtained a catalogue of 323 extragalactic point sources (EPS; Hinshaw et al. 2006) , substantially enlarging the first-year one that included 208 EPS detected above a flux limit of ∼ 0.8-1 Jy (Bennett et al. 2003) .
As discussed by Hinshaw et al. (2006) , the detection process -quite similar to the one adopted for producing the first-year catalogue -can be summarized as follows. First, the weighted map, N 1/2 obs T , where N obs is the number of observations per pixel, is filtered in the harmonic space by the global matched filter,
where b ℓ is the transfer function of the WMAP beam response (Page et al. 2003; Jarosik et al. 2006) , C cmb ℓ is the angular power spectrum of the CMB and C noise ℓ represents the noise power. Then, all the peaks above the 5σ threshold in the filtered maps are assumed to be source detections and are fitted in real space, i.e. in the unfiltered maps, to a Gaussian profile plus a planar baseline. The Gaussian amplitude is finally converted to a flux density using the conversion factors given in Table 5 of Page et al. (2003) . The error on the flux density is given by the statistical error of the fit.
If a source has been detected above 5σ, σ being the noise rms defined globally, in a frequency channel, the flux densities in the other channels are given if they are above 2σ and the source width falls within a factor of two of the true beam width. In other words, not all sources listed at any given frequency in the three-year WMAP catalogue of EPS (Hinshaw et al. 2006, Table 9 ) are 5σ detections at that frequency. Finally, to identify the detected sources with 5 GHz counterparts, they crosscorrelated them with the GB6, PMN and Kühr et al. (1981) catalogues.
The fact that almost all sources detected by WMAP were previously catalogued at lower frequencies suggests that a fuller exploitation of the WMAP data can be achieved complementing the blind search already carried out by the WMAP team with a search for WMAP counterparts to sources detected at lower frequencies. The latter approach exploits the knowledge of source positions to extract as much information as possible on their fluxes.
Since point sources, as any other foreground emission, are a nuisance for CMB experiments, these are designed to keep them as low as possible. Thus, if we are interested in point sources, it is of great importance to develop and apply specific and highly efficient detection algorithms. It has been shown that wavelet techniques perform very well this task (Cayón et al. 2000; Vielva et al. 2001a Vielva et al. ,b, 2003 González-Nuevo et al. 2006; López-Caniego et al. 2006) .
In a recent paper ) some of us have discussed a natural generalization of the (circular) Mexican Hat wavelet on R 2 , obtained by iteratively applying the Laplacian operator to the Gaussian function, which we called the Mexican Hat Wavelet Family (MHWF) . We demonstrated that the MHWF performs better than the standard Mexican Hat Wavelet (MHW, Cayón et al. 2000) for the detection of EPS in CMB anisotropy maps.
In a subsequent work ) the MHWF has been applied to the detection of compact extragalactic sources in simulated CMB maps. In that work it was shown, in particular, that the second member of the MHWF, called the MHW2, at its optimal scale compares very well with the standard Matched Filter (MF); its performances are very similar to those of the MF and it is much easier to (Gregory et al. 1996 ) (blue), PMNE (Griffith et al. 1995 ) (dark green), PMNS ) (red), PMNT ) (light blue) and PMNZ (Wright et al. 1996) (magenta). The white regions are 'holes' in these surveys, that have been covered exploiting the NVSS and the SUMSS.
implement and use 1 . We have therefore decided to apply the MHW2 technique to estimate the flux of the EPS in the 3-year WMAP maps for a complete sample of sources selected at lower frequencies.
The outline of the paper is as follows. In Section 2, we introduce the low-frequency selected sample we have used. In Section 3 we present and discuss the tools for detecting the EPS and for estimating their fluxes. In Section 4 we present and describe our final catalogue. In Section 5 we compare our catalogue with the WMAP one. Finally, in Section 6, we summarize our main conclusions.
THE 5 GHZ CATALOGUE
A summary of the multi-steradian surveys that we have used is given in Table 1 . The highest frequency for which an almost complete sky coverage has been achieved is ≃ 5 GHz, thanks to the combined 4.85 GHz GB6 and PMN surveys with an angular resolution of 3.5 ′ and 4.2 ′ , respectively, and a flux limit ranging from 18 to 72 mJy. The sky coverage of these surveys is illustrated in Fig. 1 . Deeper and higher resolution surveys have been carried out at 1.4 (NVSS, Condon et al. 1998; FIRST, Becker et al. 1995) and 0.843 GHz (SUMSS, Mauch et al. 2003) ; altogether these surveys cover the full sky.
As extensively discussed by many authors in the recent past De Zotti et al. 1999; Mason et al. 2003; Bennett et al. 2003; Henkel & Partridge 2005) , "flat-spectrum" AGNs and QSOs, i.e. sources showing a spectral index α ≃ 0 (S(ν) ∝ ν −α ), are expected to be the dominant source population in the range 30-100 GHz, whereas other classes of sources, and in particular the steep-spectrum sources increasingly dominating with decreasing fre-quency, are only giving minor contributions to the number counts at WMAP frequencies and sensitivities (De Zotti et al. 2006) . We therefore chose to adopt 5 GHz as our reference frequency, and used lower frequency surveys to fill the "holes" at 5 GHz.
Altogether, the catalogues listed in Table 1 contain over 2 million sources, but we already know, from the analysis of the WMAP team, that for only a tiny fraction (∼ 2 × 10 −4 ) of them the WMAP data can provide useful information. Applying the MHW2 at the positions of all these sources would not only be extremely inefficient, but plainly unpractical because of the huge CPU time and disk storage requirements. Therefore, we decided to work with a complete sub-sample containing sources with S 5GHz ≥ 500 mJy. This limiting flux corresponds to about 2-3 times the mean noise in the filtered images we will be dealing with (see § 3). To fill the 5 GHz "holes" we have picked up NVSS or SUMSS (in the region not covered by the NVSS) sources brighter than 500 mJy at the survey frequency. In this way we obtained an all-sky sub-sample of 4050 objects, whose spatial distribution, in Galactic coordinates, is shown in Fig. 2 . After having removed sources in the strip |b| ≤ 5
• , and in the LMC region (i.e. inside the circle of 5.5
• radius centered at
• ) and the Galactic sources outside of these zones (Taurus A, Orion A & B, and the planetary nebula IC 418/PMNJ0527-1241) we are left with 2491 objects making up our "Input Catalogue" (IC).
A cross-correlation of the IC with the WMAP catalogue (Hinshaw et al. 2006 ) with a search radius of 20.8 ′ , equal to the dispersion of the Gaussian approximation of the beam of the lowest resolution WMAP channel (23 GHz), showed that 298 of the 323 WMAP sources have a counterpart in the IC. The other 25 WMAP sources (called missed sources) must be unusually weak at low frequency, either because have an inverted spectrum or are strongly variable and were caught in a bright phase by WMAP. They are thus interesting targets for further study, and we have investigated them too. As they have a different selection, these sources are listed separately from the others (Table 4) .
METHODOLOGY
The strategy used by the WMAP team to obtain the catalogue of 323 point sources (Hinshaw et al. 2006) , summarized in § 1, used some approximations: -The candidate detections were selected as 5σ peaks, where σ is the rms noise defined globally. However, the removal of the Galactic emissions by component separation methods is not perfect, and leaves non-uniform contributions to the noise. Clearly, the detection, identification and flux estimation of EPS can benefit from a local treatment of the background. Furthermore, considering a global rms noise can lead to an underestimate of the error in regions of strong Galactic emission.
-The intensity peaks were fitted to a Gaussian profile. However, if the real beam response function is non-Gaussian, a Gaussian fit can lead to systematic errors in the flux estimate.
-Confusion due to other point sources that are close to the target one, albeit a less relevant effect, is another source of error that makes necessary to study the data locally.
As mentioned above, we used, locally, the MHW2 that proved to be as efficient as the matched filter but easier to implement and more stable against local power spectrum fluctuations López-Caniego et al. 2006) . The real symmetrized radial beam profiles given by the WMAP team have been used rather than their Gaussian approximations. The error on the source flux density is calculated locally as the rms fluctuations around the source. Finally, we also corrected the flux of all the sources for the Eddington bias, adopting a Bayesian approach (see § 3.4).
3.1. From the sphere to flat patches: rotation & projection In order to avoid CPU and memory expensive iterative filtering in harmonic space we chose to work with small flat sky patches. For every source position in the IC and for each WMAP frequency we obtained a flat patch of approximately 14.6
• × 14.6
• size, by projecting the WMAP full-sky maps. The adopted pixel area is 6.87 × 6.87 arcmin 2 (NSIDE=512), so that the patches are made of 128 × 128 pixels. The patch making goes as follows:
-Given the source coordinates we obtain the corresponding pixel in the HEALPix (Górski et al. 2005) scheme.
-The image is rotated in the a ℓm space so that the position of the point source is moved to the equatorial plane. This is done in order to minimize the distortion induced by the projection of the HEALPix non-square pixels into flat square pixels.
-The pixels in the sphere in the vicinity of the centre are projected using the flat patch approximation and reconstructed into a 2D image in the plane.
-The units of the images are converted from mK (WMAP units) to Jy/sr and finally to Jy, using the real symmetrized radial beam profiles to do the integrals over the beam area.
The rotation/projection scheme described above introduces some distortions in the projected image. There are two different effects to be considered: a) the distortion introduced by the projection (from HEALPix pixels to flat pixels in the tangent plane); b) the distortion caused by the rotation (from HEALPix pixels to a ℓm and then to HEALPix pixels again). We have studied these distortions by simulating 840 sources having flux densities ranging from 500 mJy to 20 Jy with the real WMAP beam profile. First they are simulated without noise and then they are added on the combined WMAP maps, placing them at different Galactic longitudes and latitudes. Applying to each of the simulated sources the same rotation/projection procedure as for real sources we have found that, as expected, the projection effects are small at the image center (near the tangent point) and grow towards the borders of the patch. Also distortion effects are small near the equator (where the HEALPix pixels are very close to squares) and grow towards the poles. This is the main reason for performing the rotation in order to always have the point source at the equator. We find that the rotation in the a ℓm space from the initial position of the source to the centre of the map (l=0, b=0) has a very small effect on the flux estimate (always < 2%), while the effect of the projection is totally negligible.
3.2. Filters In previous works (Sanz et al. 1999; Cayón et al. 2000; Sanz, Herranz, & Martínez-Gónzalez 2001; Vielva et al. 2001a Vielva et al. ,b, 2003 Herranz et al. 2002a,b,c; González-Nuevo et al. 2006; López-Caniego et al. 2006) we have shown that application of an appropriate filter to an image helps a lot in removing large scale variations as well as most of the noise. As a result, the signalto-noise ratio is increased, thus amplifying the point source signal. A brief summary of the fundamentals of linear filtering of two-dimensional (2D) images is given in Appendix A. In this work we have only taken into account two possible filters: the Matched Filter (MF) and the second member of the Mexican Hat Wavelet Family (MHW2). By applying these two filters to WMAP temperature maps we find that both of them give an average amplification of the EPS flux by a factor of ∼ 3. This is a remarkable result. It means that the flux of a point source at the ∼ 2σ level in the original map can be enhanced to a ≥ 5σ level in the filtered map. In the following sub-sections, we briefly sketch the main properties of the MF and of the MHW2.
The Matched Filter (MF)
The MF is a circularly-symmetric filter, Ψ(x; R, b), such that the filtered map, w(R, b) (see Appendix A for the definition of the notation), satisfies the following two conditions: (1) w(R 0 , 0) = s(0) ≡ A, i.e. w(R, 0) is an unbiased estimator of the flux density of the source; (2) the variance of w(R, b) has a minimum on the scale R 0 , i.e. it is an efficient estimator. In Fourier space the MF writes:
where P (q) is the power spectrum of the background and τ (q) is Fourier transform of the source profile (equal to the beam profile for point sources). The matched filter gives directly the maximum amplification of the source and it yields the best linear estimation of the flux, when used properly and under controlled conditions. As mentioned in López-Caniego et al. (2006) , the practical implementation of the MF requires the estimation of the power spectrum P (q) directly from the data and this leads to a certain degradation of its performance. The WMAP team have done a global implementation of the MF on the sphere by taking into account the nonGaussian profile of the beam (although the source fluxes are estimated fitting the source profiles with a Gaussian). The resulting matched filter is given by eq. (1), where the flat limit quantities τ (q), P (q) are replaced by their harmonic equivalents b ℓ , C ℓ . The use of the C ℓ of the whole sky to construct a MF filter that operates in the sphere is a good first approach to obtain a list of source candidates and to estimate their fluxes, but we do believe that it can be improved by operating locally. In this paper we use different filters for regions with different levels of Galactic contamination.
The Mexican Hat Wavelet Family (MHWF): MHW2
One example of wavelet that is particularly well suited for point source detection is the MHW2, a member of the MHWF first introduced by González-Nuevo et al. (2006) . The MHW2 is obtained by applying twice the Laplacian operator to the Gaussian function. This wavelet filter operates locally and is capable of removing simultaneously the large scale variations introduced by the Galactic foregrounds as well as the small scale structure of the noise. Note that the expression of the filter can be obtained analytically (while the MF depends on the P (q) that must be estimated numerically and locally 2 ). Any member of this family can be described in Fourier space as
2 Some controversy has arisen lately on whether the dependence of the MF upon P (q) is a problem from the practical point of view, or not. The main argument supporting the opinion that there is no problem at all goes as follows: the angular power spectrum of the background signal is determined by the CMB, whose power spectrum is fairly well known, and by the instrumental noise, whose statistics is perfectly known. This is not quite true since the background signal includes Galactic emission (or its residual after component separation), which shows strong variations from one point of the sky to another, and unresolved point sources. Thus the angular power spectrum is not perfectly known, at least locally. It must be estimated from the data with some error that will inevitably propagate to the filter. The expression in real space for these wavelets is
where ϕ is the 2D Gaussian ϕ(x) = (1/2π)e −x 2 /2 . We remark here that the first member of the family, ψ 1 (x), is the usual Mexican Hat Wavelet (MHW), that has been exploited for point source detection with excellent results (Cayón et al. 2000; Vielva et al. 2001a Vielva et al. , 2003 . Note that we call MHWn the member of the MHWF with index n.
As already mentioned, in this work we filter our projected WMAP sky patches with the second member of the family, the MHW2. As in López-Caniego et al. (2006) , we will do a qualitative comparison with the results obtained with the MF, implemented to be used locally in flat patches (at variance with the global MF used by the WMAP team).
3.3. Position, flux and error estimation We want to obtain an estimate of the flux density, with its error, of the IC sources at the center of each filtered image. Point sources appear in the image with a profile identical to the beam profile. For example, if the beams were Gaussian, the ratio between the beam and the pixel area, 2π(R s ) 2 /L 2 p , where R s = FWHM/(2 √ 2 log 2) is the beam width and L p is the pixel side, would allow us to convert the flux in the pixel where the source is located into the source flux.
In our case, the beams are not Gaussian and we will calculate this relationship integrating over the real beam profile for each channel. In carrying out the calculation we have to take into account that we work with HEALPix coordinates, at the WMAP resolution. Although the image is centered on the source position, after the projection to the flat patch the source does not always lay in the central pixel, but may end up in an adjacent one. Thus, to estimate its flux we make reference not to the intensity in the central pixel but to that of the brightest pixel close to the center of the filtered image (however in most cases the brightest pixel coincides with the central one).
At first glance, this may seem a very crude estimator, but it turns out that flux estimation through linear filtering is almost optimal in many circumstances. Let us explain how this estimator works. After filtering, the intensity of the brightest pixel can be written as a weighted sum of the intensities in the surrounding pixels,
where x 0 is the position of the considered source, The method adopted here differs from the one used by the WMAP team. They have used the MF to detect point sources above the 5σ level in the filtered images (full-sky maps, in their case), but not to estimate their fluxes. These are derived by fitting, in the unfiltered image, the pixel intensities around the point source to a Gaussian profile plus a plane baseline. However, as already noted, the profile of the source matches that of the beam, and is therefore non-Gaussian. In this paper the true source profiles are used at every step, up to the final flux unit conversions.
For each source we calculate the dispersion σ as the square root of the variance of the background pixels that are close to the target source but are not "contaminated" by it. This number can be easily inflated in the presence of contamination by nearby sources or large scale structures that, in some cases, cannot be removed completely by filtering. In order to avoid this, we first select a shell of pixels around the source, with an inner radius equal to the FWHM of the beam. This guarantees that the source flux has decreased well below the background level. Subsequently, we choose an outer radius encompassing a sufficiently large number of pixels (∼ 3000) to give an accurate estimate of σ. As a final step, we divide this shell in sectors -12, normally -and calculate their mean and dispersion. Strong contamination, due to other sources present in the annulus, shows up as a significant difference between the mean and the median; whenever this difference exceeds two times the dispersion we excluded the pixels in such sector from the calculation of the variance.
The mean values of σ, the rms error on the EPS fluxes, turn out to be: 198, 231, 222, 255 and 399 mJy at 23, 33, 41, 61 and 94 GHz, respectively. The variation of σ with the WMAP channel is determined by the beam shapes, the spectral behavior of the foreground emission, the instrumental noise, etc.. It may be noted that these uncertainties are typically 2 or 3 times higher than the uncertainties quoted by Hinshaw et al. (2006) , which are probably underestimated, as confirmed by the fact that their source counts show clear signs of incompleteness at flux densities well above 5 times their typical errors.
3.4. Bayesian correction to the fluxes Flux-limited surveys are affected by the well-known Eddington bias (Eddington 1940 ) that leads to an overestimate of the flux of faint sources. Hogg & Turner (1998) have shown how to correct for this effect if the underlying distribution of source fluxes is known. Unfortunately, our knowledge of this distribution in the frequency range covered by WMAP is rather poor. However, as shown in the Appendix B, given a set of observed fluxes and the associated values of the rms noise it is possible to simultaneously estimate the slope of the flux distribution (i.e., of the differential number counts) and to obtain an unbiased estimate of the source fluxes. We have applied this method, based on the Bayesian approach introduced by Herranz et al. (2006) , to correct for the Eddington bias. The estimated slopes of the differential number counts are 2.11, 2.34, 2.16, 2.14, and 2.16 for the 23, 33, 41, 61, and 94 GHz channels, respectively, in very good agreement with the results of the ATCA 18 GHz survey (Ricci et al. 2004 : 2.2 ± 0.2), of the 9C survey at 15 GHz (Waldram et al. 2003: 2.15) , and of the 33 GHz VSA survey (Cleary et al. 2005: 2.34 +0.25 −0.26 ).
THE NEW EXTRAGALACTIC WMAP POINT SOURCE (NEWPS) CATALOGUE

Comparison between MHW2 and MF
We have carried out the detection/flux estimation process using the two different filters, MHW2 and MF, previously discussed. We have found that filtering with the MF introduces ringing effects around the target EPS in at least 15% of the images analyzed (see Figure 3 ). These effects are stronger for the brightest sources. Rings appear due to strong oscillations in the shape of the matched filter which are determined by sharp features in the angular power spectrum of temperature anisotropies in the sky patch. These sharp features are likely to appear in regions showing a high background signal and/or in regions where point sources constitute a major component of the total intensity of the image. If the number of images were small, we could check the images one-by-one visually and study separately the anomalous cases, but this procedure is impractical in the present context. With a blind approach we get a number of spurious sources, mainly due to positive interferences between rings. In the case of our non-blind approach rings may also contaminate surrounding pixels, thus affecting the error estimates and the flux estimates of the surrounding sources. On the contrary, we found that the MHW2 filter does not introduce ringing effects in any of the considered images.
The number of source detections above a certain nσ threshold obviously depends on the correct estimation of the background noise level. Ringing effects affect negatively such estimate. We find that, on average, by filtering with the MHW2 we correctly identify ∼ 7% more sources than with the MF 3 . For this reason we decided to build the final catalogue using the detections/flux estimates obtained with the MHW2.
N EW P S 3σ
To define our first SubCatalogue (SC), N EW P S 3σ , of sources at ≥ 3σ we need to take into account that the IC was generated from surveys with angular resolution ≤ 4 ′ .2, i.e. much higher than the WMAP resolution, so that we may have multiple IC sources within one WMAP beam. In some cases the WMAP signal is entirely due to the brightest source within the beam, whose flux, attenuated by the response function, accounts also for the signal detected in the direction of nearby sources. The latter are therefore false detections that we have removed from the sample. A search within circles of radius equal to 2 WMAP beam sizes (beam size=FWHM/2 2 log(2)) centered on the position of each source, starting from the brightest ones, has yielded numbers of false detections decreasing from 354 at 23 GHz to 104 at 94 GHz.
The contamination of very bright sources can actually extend beyond 2 WMAP beam sizes. We have therefore repeated the above search up to 4 beam sizes, and removed those sources for which the contamination by the bright source accounts for more than 50% of the detected signal. The number of such cases oscillate around 7 at all channels. In 13% of the cases, the data are consistent with more than one IC source contributing significantly to the WMAP flux.
After having removed the 4 |b| > 5
• sources known to be Galactic (Taurus A, Orion A & B, and IC 418), we are left with 760(738+22 missed sources, WMAP counts from the N EW P S 5σ catalogue at 33 GHz (see text for more details). Black diamonds: WMAP counts (Hinshaw et al. 2006) . Black dots: ATCA 18 GHz pilot survey counts (Ricci et al. 2004 ). The parallelogram is from the DASI experiment at 31 GHz (Kovac et al. 2002 ). The solid curve shows, for comparison, the counts predicted by the model by De Zotti et al. (2005) .
sources that are not included in our IC), 565(547+18), 536(518+18), 366(360+5) and 103(101+2) EPS with signal-to-noise ratios > 3 in the 23, 33, 41, 61, and 94 GHz channels, respectively (see Table 2 ). Finally, a cross correlation of the catalogues at the different frequencies shows that we have 933 (908+25) different EPS with signal-to-noise ratios > 3 in at least one WMAP channel, which constitutes our N EW P S 3σ Catalogue. 4.3. N EW P S 5σ : A robust subsample Of the 381 sources that we detected at ≥ 5σ (N EW P S 5σ Catalogue in Table 4 , see Appendix C., plus 12 EPS detected at > 5σ listed in Table 5 ) only 283 are listed in the WMAP 3-yr catalogue (see Table 3 for a better understanding of the detection statistics). As expected, the a priori knowledge of source positions has allowed us to significantly increase the detection efficiency. Additionally, in our approach, 39 (26+13) WMAP sources present a signal-to-noise ratio < 5 (as shown in Table 3) 5 . Regarding the reliability of the detected sources near the 5σ threshold, we would expect that most of them, if not all, are actually real 5σ sources. Since we have followed a non-blind approach we know that there is a real source in every position we have considered, but it is possible that a very weak source appears above this threshold because it has been contaminated, e.g. by Galactic foregrounds, CMB, etc. In order to check this possibility we have created a catalogue of false positions and we have repeated the process of rotation, projection, filtering of each patch and flux estimation exactly in the same way as we have done for detecting the sources in N EW P S 5σ . Then we have counted the number of > 5σ detections. This number gives an idea of how likely is that the foregrounds produce a spurious > 5σ detection and therefore how reliable is our catalog for that threshold.
This catalogue of false positions is obtained by shifting 10 degrees in the longitude coordinate the position in the sky of each source outside |b| > 5
• in the IC. We have performed this test only at 23 GHz, because at this frequency we have the highest number of detections and the lowest mean value of rms noise. As a result, we have found 3% of spurious > 5σ detections in the analysed patches, which is in agreement with the numbers discussed by Bennett et al. (2003) and Hinshaw et al. (2006) .
In addition, as already mentioned, there are 25 WMAP sources left out by our low-frequency selection, but included in our analysis (see Table 4 ). Only 12 of them are detected at ≥ 5σ by our approach, and only 3 have 23 GHz flux densities above the estimated completeness limit of 1.1 Jy (see Fig. 6 ). Of our 12 sources which are ≥ 5σ detections, 10 have low-frequency flux densities ≥ 270 mJy (8 of them are above 340 mJy) and may well be variable sources, that happened to be in a particularly 'high' phase at the time of WMAP observations. The source with S 5GHz = 120 mJy has an inverted spectrum (i.e. a spectrum rising with frequency) and the last one, with S 5GHz = 38 mJy, is a strong candidate to be a spurious source.
Finally, by exploiting the distribution of spectral indexes α 23 5 , we could also tentatively estimate how many more 5σ detections we missed at 23 GHz because of the adopted 5 GHz flux limit S 5GHz ≥ 500 mJy. From the observationally determined number counts at 5 GHz (and the associated uncertainties) we estimate that there should be ∼2100-2500 sources in the flux range 300 < S 5GHz < 500 mJy, in the same sky area in which we find 2491 sources with S ≥ 500 mJy. For being detectable at 23 GHz, these sources should show an inverted spectrum with slope α ≤ −0.63. The distribution of the spectral indexes α 23 5 of sources in the IC shows that only ≤ 1% of them show spectra so inverted. This implies that we may expect ≤ 20-25 sources with 300 < S 5GHz < 500 to be detectable at ≥ 5σ at 23 GHz. The number of expected detections decreases to ≤ 5 for 100 < S 5GHz < 300, and is essentially zero at still fainter 5 GHz fluxes. These estimates are comparable with the number (11) of sources at 23 GHz (see Table 3 ) detected by WMAP but missed by our selection criterion. Note that, at higher frequencies, the numbers of missed detections, which is more difficult WMAP catalogue. These sources are: GB6 J1228+1124, GB6 J1231+1344 and GB6 J1439+4958.
to estimate due to the higher errors in flux, decreases in parallel with the decrease of the number of detections (see Table 2 and Section 5.1).
RESULTS AND DISCUSSION
N EW P S 5σ versus WMAP sources
The WMAP 3-year catalogue (Hinshaw et al. 2006) lists 314, 292, 280, 154, and 29 ≥ 5σ detections at 23, 33, 41, 61, and 94 GHz, respectively, to be compared with 350 (339+11 missed sources), 224 (219+5), 218 (215+3), 136 (135+1) and 22 sources in the N EW P S 5σ catalogue (see Table 2 ). Although the blind WMAP technique yielded a lower number of detections at 23 GHz and a lower total number, it was apparently more successful in retrieving sources at ≥ 5σ in different channels. This may be, to some extent, related to their lower error estimates. However, note that the same sources can be detected in different channels. Therefore, the total number is the intersection of the channels, giving a global a reduced number for the WMAP case (323 vs. 381).
In Fig. 5 we compare our flux estimates for sources in the N EW P S 3σ catalogue with the WMAP ones at 2 frequencies (23 and 61 GHz). We have plotted the corrected fluxes (red asterisks) as well as the uncorrected ones (blue circles) to show the effect of the Bayesian correction. At 23 GHz the agreement is generally good and the correction makes no difference for fluxes 1.5 Jy, due to the fact that almost all the sources are detected at high signal to noise ratios.
The most striking difference is found for Fornax A (PMNJ0321-3658), represented by the isolated point on the top right-hand corner of the 23 GHz channel and at the center of the upper part of the 61 GHz panel. Our procedure yields 23 GHz and 61 GHz flux densities of 9.1 ± 0.2 and 1.6 ± 0.2 Jy, to be compared with 18.5 ± 3.6 and 8.3 ± 2.1 Jy, respectively, given in the WMAP catalogue (fluxes obtained by aperture photometry). The problem here is that Fornax A has a relatively weak core and 2 big lobes extending, altogether, over ≃ 1
• , so that it cannot be treated as a point source, even at the relatively low resolution of WMAP. As both flux estimates are not reliable we have applied the NRAO Astronomical Image Processing System (AIPS) software to the unfiltered patches, fitting the source to a gaussian. The values obtained by this method are 11.49 ± 0.63 and 0.92 ± 0.72 Jy, with a best fit major(minor) axis of 1.18
• (0.81 • ). Resolution effects may be worrisome also for Centaurus A (PMNJ1325-4257), the largest radio source in the sky at low frequencies, which is however not present in the WMAP catalog. Therefore for this source too we have checked our flux estimates with those obtained from AIPS, which gave 48.12 ± 0.04 and 20.31 ± 0.72 Jy, for 23 GHz and 61 GHz respectively, and a best fit major (minor) axis of 1.13
• (0. Note. -The "rms" of the patches is in units of mJy. The slope α corresponds to the estimated slope of the flux distribution (i.e. of the differential number counts, dN/dS ∝ S −α ). For the N EW P S5σ and N EW P S3σ we show in parenthesis the number of detections coming from the initial catalogue "IC" and the number of detections among the 25 WMAP objects not present in IC (missed sources, see Table 4 ). Note. -Distribution of the detected sources in different subsamples. The description has been made for 4 classes of EPS: WMAP EPS (WMAP sources that appeared in our IC), Missed EPS (WMAP EPS NOT included in our IC), Dropped EPS (the planetary nebula IC418 (PMNJ0527-1241)) and New EPS (detected EPS NOT included in the WMAP EPS catalogue). The total number of sources in each subCatalogue, detected by the MHW2 filter, are given by the sum of the entries in lines (1)+(3)+(6), in agreement with the numbers in Table 2. decreasing afterwards back to ≃ 1 Jy in 2006.
The asterisks in the lower left-hand part of each panel correspond to objects that we detect at < 5σ at 23 GHz, whose flux density is substantially decreased by the correction for the Eddington bias.
At 61 GHz WMAP flux densities are systematically brighter than ours by ≃ 10%. This may be due to the use by the WMAP team of Gaussian source profiles while, as discussed by Hinshaw et al. (2006) , beams increasingly deviate from Gaussianity with increasing frequency. On the other hand, we have taken into account real symmetrized beam profiles. At this frequency many sources fainter than ≃ 2 Jy are detected by our procedure at < 5σ and have substantial corrections for the Eddington bias, moving them to the left of the diagram.
Source number counts
In Figure 6 we compare the number counts derived from the N EW P S 5σ catalogue at 33 GHz (red asterisks with Poisson error bars) with other sets of observational data, specified in the caption, and with the prediction of the model by De Zotti et al. (2005) . The agreement is clearly good. The completeness flux limit of our catalogue is around ∼1.1 Jy, as expected from the average value of the flux error at this frequency, ≃ 230 mJy. Hinshaw et al. (2006) estimated the contribution of point sources below the detection threshold to the anisotropy power spectrum at 40.7 GHz to be A = 0.017 ± 0.002 µK 2 . Again, this is in good agreement with the De Zotti et al. (2005) model, yielding, at this frequency, A = 0.018 µK 2 .
CONCLUSIONS
We have used the MHW2 filter ) to obtain estimates of (or upper limits on) the flux densities at the WMAP frequencies of a complete all-sky sample of 2491 sources at |b| > 5
• , brighter than 500 mJy at 5 GHz (or at 1.4 or 0.84 GHz, in regions not covered by 5 GHz surveys but covered by either the NVSS or the SUMSS). We have shown that the MHW2 filter has an efficiency very similar to the MF and is much easier to use.
We have obtained flux density estimates for the 933 sources detected at ≥ 3σ, our N EW P S 3σ Catalogue (see Section 4.2). Of the 381, presumably extragalactic, sources detected at ≥ 5σ, 369 of which constitute our N EW P S 5σ Catalogue (Section 4.3), 98 (i.e. 26%) are "new", in the sense that they are not present in the WMAP catalogue; 43 of them are above the estimated completeness limit of the WMAP survey: ≃ 1.1 Jy at 23 GHz. This illustrates how the prior knowledge of source positions can help their flux measurements.
On the other hand, 39 (23+13) WMAP extragalactic sources with low-frequency counterparts included in our sample were detected by us at < 5σ. This is probably due to the fact that our error estimates exceed substantially those given by the WMAP team, particularly at 23 GHz, where we have the highest detection rate. In fact, the WMAP errors do not correspond to the rms fluctuations in the source neighborhood but to the uncertainties in the amplitude of the Gaussian fit. As a consequence, the WMAP catalogue starts being incomplete at flux densities more than 2 times higher than 5 times their typical formal errors.
Our flux density estimates for sources detected at ≥ 5σ are generally in very good agreement with the WMAP ones at 23 GHz. At higher frequencies WMAP fluxes tend to be slightly but systematically higher than ours, probably due to having ignored the deviations, increasing with frequency, of the point spread function from a Gaussian shape. Our estimates use the real beam shape at every frequency. For only one source we have a strong discrepancy with WMAP. Such source, Fornax A, is known to have powerful lobes extending over ∼ 1
• , and is therefore resolved by WMAP. Thus, the point source assumption on which both WMAP and our flux estimates rely, is clearly not appropriate and yields unreliable results. A smaller, but still significant, discrepancy, is found for PMN J0428-3756.
We have also worked out and applied a method to correct flux estimates for the Eddington bias, without the need of an a-priori knowledge of the slope of source counts below the detection limit.
Our selection criterion leaves out 25 WMAP sources, only 12 of which however turn out to be ≥ 5σ detections after our analysis, and only 3 have 23 GHz fluxes 1.1 Jy, the estimated completeness limit of the survey. Thus, our approach has proven to be competitive with, and complementary to the blind technique adopted by the WMAP team. In fact we missed 3 sources brighter than the estimated completeness limit (S 23GHz = 1.1 Jy), but we detected 42 new ones.
On the whole, 26% of sources we have detected at ≥ 5σ are not present in the WMAP catalogue. On the other hand, the efficiency of the process is low. Only 381 of the 2491 sources in our input sample were detected at ≥ 5σ in at least one WMAP channel.
In a forthcoming paper, we will exploit our catalogue to investigate the high-frequency properties of sources selected at low frequencies.
APPENDIX
LINEAR FILTERS IN TWO DIMENSIONS
The approach adopted in this paper assumes that in the center of each image (sky patch) there is a point source with unknown flux density, A. As usual we describe the source as
where τ ( x) is the source profile. We will assume circular symmetry, so that τ ( x) = τ (x), x = | x|. For point sources the profile is equal to the beam response function of the detector. For a circular Gaussian beam we have
where R s is the angular radius of the beam response function. In the Fourier space the beam profile of eq. (A2) is
where q ≡ | q|. Actually the WMAP beams are not Gaussian and we will use the real symmetrized radial beam profiles for the different WMAP channels to construct our filters. Let us consider a 2D-filter Ψ( x; R, b), where R and b define a scaling and a translation respectively. Then
If we filter our field f ( x) with Ψ( x; R, b), the filtered map will be
The filter normalization preserves the amplitude of the source at its position (b = 0) after filtering:
The n-th moment of the filtered map is defined as
where P (q) is the power spectrum of the unfiltered map and ψ(q) is the Fourier transform of ψ(x):
Here q is the wave number, q ≡ | q| and J 0 is the Bessel function of the first kind. The zeroth-order moment, σ 0 , which is the dispersion of the filtered map, will be denoted, for simplicity, as σ. It is a function of the filter scaling R, of the source profile τ and of the power spectrum P (q) of the unfiltered image. Then, for a given image and a given source profile it is possible to optimize the ratio A/σ just by modifying the scaling R. The scale R 0 at which A/σ is maximum is called optimal scale. It has been shown (Vielva et al. 2001a (Vielva et al. , 2003 López-Caniego et al. 2004 , 2005 that, working at this scale at which a filter maximizes the flux of a compact source with respect to the average surrounding background, the filter performance in detecting point sources and estimating their flux is maximized.
DERIVATION OF THE BAYESIAN CORRECTION FORMULAE
The Eddington bias The distribution, normalized to unity, of true fluxes, S, of extragalactic sources, is usually well described by a power law
where the normalization k is k = qS m q , q > 0. (B2) The observed fluxes are contaminated by noise. Let
o N } be the observed fluxed of the N galaxies detected above a given flux threshold and S = {S 1 , . . . , S N } their true fluxes. In the case of Gaussian noise we have
where σ i is the rms noise for the ith source. Since we select only sources above a certain threshold, a selection effect appears: sources whose intrinsic flux is lower than the detection threshold may be detected due to positive noise fluctuations and, on the other hand, sources that should be detected because their flux is greater than the detection threshold may be missed due to negative fluctuations. Since according to eq. (B1) there are more faint than bright sources we end up with an excess of sources whose flux is overestimated. This is the Eddington bias (Eddington 1940).
Bayesian slope determination and flux correction ¿From the Bayes' theorem we have
(B4) We will assume that P (q) is uniform, that the source fluxes take values drawn at random from the distribution of eq. (B1), and that the flux of any given source is independent of the fluxes of the other sources. Therefore
Therefore, using eqs. (B3) and (B4) we have
If the slope q is known, the maximum likelihood estimator of the fluxes of the sources is easily calculated (Hogg & Turner 1998) :
where r i = S o i /σ i is the signal to noise ratio of the source. Conversely, if the true intrinsic fluxes of the sources S were known and the slope q unknown, the maximum likelihood estimator for the value of q would be
Unfortunately, in many cases, and particular in the case of WMAP surveys, neither q nor S are known a priori. Then it is necessary to solve simultaneously for the two unknowns. A way to do this is to introduce eq. (B7) into eq. (B8), which gives the implicit equation
where
Equation (B9) can be solved numerically if the minimum signal to noise ratio of the galaxies considered satisfies the condition r 2 m ≥ 4(1 + q). Once q is estimated, the fluxes S can be estimated using eq. (B7). The asymptotic limits of the estimators, valid in the high signal to noise regime, that is, for r m ≫ q, are: 
The N EW P S 5σ Catalogue consists of 369 entries corresponding to all the EPS detected in the WMAP 3-yr full-sky maps at the > 5σ level, after filtering with the MHW2 as discussed in the text. The 25 missed sources (WMAP detected sources that did not appear in our IC) are listed in Table 4 while the 369 IC sources detected at > 5σ are presented in Table 5 . For each EPS in the Catalogue, and from left to right, we list the following data: the Equatorial, α, δ, coordinates of the center of the pixel; the NON CORRECTED source fluxes 7 , S ν , in each WMAP channel identified by the channel symbols (K, Ka, Q, V and W) and their corresponding estimated errors (σ), in Jy; the position in the 3-year WMAP catalogue; the closest source present in the PMN or GB6 catalogues or the brightest NVSS or SUMSS source within the resolution element (i.e., inside the FWHM of the beam of the given WMAP frequency channel) and a "M" label that means that at least another source inside the beam has a 5 GHz flux within a factor of 2 from the brightest one, that we list as the likely identification. Table 4 has an additional column listing the 5 GHz fluxes. For those sources not detected at ≥ 5σ, we have used "-" in the corresponding channel column. 
